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The use of infrared absorpt ivi ty  t o  study and character ize  

on a microscopic sca l e  the radiation-induced defects  i n  s i l i c o n  

has proved t o  be an important probe. 

o ther  experimenters the defects  were produced by low energy 

e lec t rons  ( l m 6 )  (E\< 4.5 MeV) , deuterons 

In  previous s tudies  by (1-7) 

(9.6 MeV) and reactor  

neutron i r r a d i a t i o n .  (194,597)  The f i r s t  reported resul ts  on the 

use of in f ra red  techniques i n  the study of i r r ad ia t ed  germanium 

was recent ly  given by R. Whan. (9,10) 

e lec t rons  and reac tor  neutrons were used t o  produce defect  infrared 

In Whan's experiments 2 Mev 

ac t ive  bands. 

We s h a l l  repor t  on the annealing of defect  infrared bands 

induced by 40-60 Mev electrons i n  l o w  oxygen containing (4 10 16 cm -3  ) 

and high oxygen containing (& 10 1 7  cm -3  ) s ingle  c r y s t a l  germanium.* 1 
The sample temperature was kept a t  T d  4OoC during i r r ad ia t ion .  

The e lec t rons  were incident  on the sample i n  a (111) di rec t ion  

which aiso ssr-;cS 9 s  the di rec t ion  of the inf ra red  beam during 

-- 

spectrum measurements. 
-I 

/The c h a r a c t e r i s t i c s  of the germanium samples s tudied together 
1 

with the incident  e lec t ron  energy, r e s i s t i v i t y  values before and 

a f t e r  i r r a d i a t i o n ,  t o t a l  integrated f luxes and sample thicknesses 

are given , ' in Table I. 

The annealing experiments were performed i n  an e l e c t r i c  furnace 
4 

using s i l i c o r S o i 1  as the heat  t r ans fe r  medium f o r  anneals up t o  

290°C./For anneals above 3OO0C, a i r  served as the heat  t r ans fe r  

medium. aariiple tmpera tu re  during anneal w a s  cont ro l led  to  1 C 
--I >- 

i, - 0 
,A" ' .. 

* 
Obtained from Semi-Elements , Inc.  , Saxonburg, Pennsylvania. 
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i n  the o i l  bath and control led t o  +, 3OC when a i r  was used as the 

heat  t r ans fe r  medium.' The infrared spectrometer s e t t i ngs  were 

kept the same during each spectrum run a f t e r  anneal i n  order t o  

-- 
rcII 

simplify comparison of the various spectra  and allow r e l a t i v e  

measurements of defect  concentration (area under 

t o  be made easily.;  

In  Fig. 1 a r e  

900 cm-I of sample 

before i r r a d i a t i o n  

/ 

shown the infrared spectra  i n  

#7.2 n-type germanium (oxygen 

1 . 2  x 10 cm ) a f t e r  various 17  - 3  

absorption peak) 

the region 600- 

concentrat  ion (11) 

twenty minute 

anneals a t  the temperatures indicated.  The spectra  were measured 

with the sample temperature kept a t  8OoK. 

a f t e r  the 41OoC anneal exhibi ts  no radiation-induced defect  

IThe spectrum measured 

absorption bands./ The 1 1 . 7  micron band i s  c h a r a c t e r i s t i c  of - 
atomically dispersed oxygen i n  germanium.(") From Fig. 1 it can 

be seen tha t  a t  l e a s t  twelve new vibra t iona l  bands i n  the 600-900 

cm'l region - (11.1-16.7 p wavelength region) a re  produced by the 

i r r a d i a t i o n .  These bands a re  associated with oxygen-defect 

complexes s ince 1) a f t e r  i r r a d i a t i o n  we found a marked decrease 

i n  the in t ens i ty  of the 1 1 . 7  micron (860 cm-')band 

, 

* 
and 2) bands 

i n  the  region 10-16 microns do not  appear a f t e r  i r r a d i a t i o n  of 

low-oxygen containing germanium samples 85.2 and 116.2. 

i r r a d i a t i o n  of the p-type germanium sample (f15.2) we observed no 

new defect  absorption bands but only a 15-20% general reduction i n  

After 

*- 
both n-type g e m a i u m  snmnfes #6.2 and 117.2 which a re  converted 
t o  p-type by the i r r a d i a t l o n  exhib i t  in f ra red  spectra  i n  the 
2 t o  8 micron region which are c h a r a c t e r i s t i c  of un i r rad ia ted  
p-type germanium. (See H. B. Briggs and R. C. Fletcher ,  
Phys. Rev. 87,  1130 (1952) and W. Kaiser, R. J. Col l ins ,  and 
H. Y. Fan, i b i d ,  91, 1380 (1953).) 



transmission over the wavelength region 2 t o  8 microns. 

annealing t o  temperatures i n  the range 150-280°C, the inf ra red  

transmission propert ies  from 2 t o  8 microns of a l l  samples 

re turned t o  t h e i r  p re- i r rad ia t ion  values .  

Upon 

The growth and decay of the more prominent bands i n  F ig .1  

can be more e a s i l y  followed by presenting the isochronal annealing 

r e s u l t s  as p l o t s  of r e l a t i v e  defect  concentration vs. annealing 

temperature. 

r e s u l t s  Qn the more prominent bands presented i n  Fig.1 i n  the 

Shown i n  Figs.2 and 3 are isochronal annealing 

region 618 t o  875 ern-'* In Figs.2 and 3 one can see a s t r i k i n g  

growth of defect  bands a t  717 ,  729, 768, 753, 794 cm-l a f t e r  

annealing the 618 and 724 cm-' bands. 

these oxygen-vibrational bands is  r a t h e r  s i m i l a r  t o  r e s u l t s  

obtained by o thers  ( 4  , y 6 )  i n  t h e  i r r a d i a t i o n  of oxygen-containing 

s i l i c o n .  A comparison of our r e s u l t s  (Fig.1) t o  reac tor  neutron 

i r r a d i a t e d  oxvfzen-containing .,- germanium by Whan (9910) shows t h a t  

neutron i r r ad ia t ed  germanium gave r i se  t o  four  bands 710, 726,  768, 

774 which correspond t o  the 717,  724, and 729, 768, and 775 cm" 

bands which w e  give i n  Fig.1.  

reso lve  were no t  observed by Whan which w e  bel ieve i s  due t o  the 

f a c t  t h a t  Whan(') used samples only one mm th ick  and measured the  

in f r a red  spectrum a t  room temperature. 

The annealing behavior of 

The addi t iona l  bands which we 

From an i r r a d i a t i o n  a t  -180OC Whan (lo) concliided t h a t  oxygen 

v i b r a t i o n a l  defec t  bands a t  710, 726, 768, and 774 cm-* do not  

o r i g h i t e  from primary defects ,  r a t h e r ,  they o r ig ina t e  from 

de fec t  complexes formed a t  temperatures where the primary defects  



e L c .  * 
4 .  

a r e  mobile. 

bands appeared only af ter  warmup t o  5OoC. 

t h i s  conclusion i s  evident i n  Figs.1, 2 and 3 i n  which i t  i s  

apparent t h a t  these bands grow and decay a s  the  6 1 8  cm-I band 

anneals.  

t o  the  case of oxygen-doped s i l i c o n ,  ( 2 9 6 )  the  band a t  618 cm-' may 

be the "germanium A center" comprising a s ing le  oxygen atom 

attached t o  a vacancy. The frequency r a t i o  of the  6 1 8  cm-' 

defec t  band r e l a t i v e  t o  the 855 cm'l oxygen band of germanium i s  

This conclusion was reacheu by Whan s ince  the defec t  

Additional evidence f o r  

The r e s u l t s  i n  Figs .1  and 2 st rongly suggest t h a t  analogous 

i n  the same r a t i o  as the  834 cm-' defect  band ( s i l i c o n  A-center) 

t o  the  1103 crn-l oxygen band of s i l i c o n .  Moreover, the 618 cm'l 

band i s  the  f i r s t  t o  anneal i n  germanium which i s  a l so  shiilar t o  

the case of s i l i c o n  i n  which it i s  found t h a t  the "A-center" 

disappears f i r s t  upon hea t  treatment. ( 6 , 1 2 1  

; The isochronal annealing r e s u l t s  on the prominent bands 
'. 

shown i n  Figs.2 and 3 ind ica te  t h a t  there  are a t  l e a s t  four 

annealing temperature ranges a t  T * 16OoC, T tu 220"C, TN 320'C and 

TN 4 O O 0 C )  I n  con t r a s t  man(') repor t s  only two temperature ranges 

from her  annealing experiments. 

It i s  possible  t h a t  the four annealing temperature ranges 

correspond t o  d i f f e r e n t  configurations of s ing le  and mult iple  

vacancies coupled t o  oxygen atoms. Analogous r e s u l t s  have been 

obtained f o r  the case of 1.4 Mev ( 6 )  and 40 Mev ( I 2 )  e lec t ron  

i r r a d i a t i o n  of oxygen-containing s i l i c o n .  However, i t  is  

reasonable t o  expect t h a t  the 40 Mev i r r a d i a t i o n  produces a 

higher  concentration of divacancies,  e t c . ,  than the 1.4 Mev 

e l e c t r o n  i r r a d i a t i o n .  I n  order t o  examine t h i s  point  fu r the r ,  



w 

5. 

we s h a l l  perform e l e c t r i c a l  and infrared t j p  operty measurements on 

i r radiated oxygen doped germanium. 
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LIST OF FIGURE CAPTIGi .. 

Fig. 1 Infrared absorption spectra of oxygen-containing 

germanium (sample y17.2) in the region 618 cm-I to 

880 cm-I measured at 80°K after various anneals at the 

temperatures shown. See Table I for sample details. 

Isochronal annealing of radiation-induced oxygen-defect Fig. 2 

lattice vibrational bands (in the range 618 cm-I to 

834 cm ) vs. annealing temperature for oxygen con- 

taining germanium (sample 117.2). All measurements 

-1 

. were made at 80°K. See Table I for sample details. 

Fig. 3 Isochronal annealing of radiation-induced oxygen-defect 

lattice vibrational bands in the range 729 crn'l to 

813 cm 

germanium (sample j17.2). All measurements were made with 

sample at 8OoK. 

-1 vs. annealing temperature for oxygen containing 

See Table I for sample details. 
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